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FOREWORD 
The r e sea rch  descr ibed i n  t h i s  r e p o r t  was i n i t i a t e d  under NASA-Research 
Grant SAG-1-419, e n t i t l e d  "A Study o f  t h e  A p p l i c a b i l i t y  of Xucleation Theory 
t o  Quasi-Thermodynamic T r a n s i t i o n s  of Second and Higher Ehrenfest  -Order. " The 
\cork was performed i n  t h e  Na te r i a l s  Science Department at t h e  Un ive r s i ty  of 
V i r g i n i a ,  and was administered under ' the  d i r e c t i o n  of NASA Technical O f f i c e r ,  
D r .  Noel T. Wakelyn, of t h e  Langley Research Center .  The i n v e s t i g a t o r s  f o r  
t h i s  p r o j e c t  \cere P ro f .  R .  Edward Barker, J r . ,  p r i n c i p a l  i n v e s t i g a t o r ,  and 
Kenny W. Campbell, graduate  research a s s i s t a n t .  The Universi ty  Account No. 
f o r  t h e  p r o j e c t  [;as UVA-5-28230. 
This r e p o r t  covers r e sea rch  performed from December 1983 t o  Nay 1986. 
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SECTION I 
ABSTRACT 
I n  t h i s  r e p o r t ,  a summary of research supported by NASA Grant Number 
NAG-1-419 is  given.  The isork includes an i n v e s t i g a t i o n  of t h e  a p p l i c a b i l i t y  
of n u c l e a t i o n  theory t o  second and higher o r d e r  thermodynamic t r a n s i t i o n s  i n  
t h e  Ehrenfest  s ense ,  and a number of s i g n i f i c a n t  conclusions r e l evan t  t o  f i r s t  
o rde r  t r a n s i t i o n s ,  as  w e l l .  The underlying t h e o r e t i c a l  method cons i s t ed  of 
expanding t h e  Gibbs' f r e e  energy i n  a Placlarin o r  Taylor s e r i e s  and then us ing  
fundamental thermodynamic r e l a t i o n s  t o  r e l a t e  t h e  c o e f f i c i e n t s  t o  
experimental ly  determinable q u a n t i t i e s ,  and i n t e r p r e t i n g  t h e  r e s u l t s .  Kork 
was done on t h e  ex i s t ence  and i n t e r p r e t a t i o n  of an i n t e r f a c i a l  energy between 
"phases" i n  a second order  t r a n s i t i o n  i n  a d d i t i o n  t o  an i n v e s t i g a t i o n  of t h e  
s o l i d -  l i q u i d  i n t c r f a c i a l  energy f o r  va r ious  polymers. Extensive 
cons ide ra t ions  have been devoted t o  var ious a spec t s  of a p a r t i c u l a r  polymer, 
polyvinyl idene f l u o r i d e  (PVDF or PVF2),  i nc lud ing  an experimental  
i n v e s t i g a t i o n  of t h e  e f f e c t s  of an applied e l e c t r i c  f i e l d  on t h e  morphology of 
melt c r y s t a l l i z a t i o n  and on t h e  nucleat ion and growth of p o l a r i z e d  domains. 
Some r e l a t e d  cooperat ive work has been c a r r i e d  out with o t h e r  r e sea rche r s  on 
t h e  d i e l e c t r i c  p r o p e r t i e s  of var ious m a t e r i a l s  i nc lud ing  polymer s o l i d s  and 
o l igomer i c  l i q u i d s .  
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SECTION I1 
INTRODUCTION 
The research  descr ibed  i n  t h i s  f i n a l  r e p o r t  c o n s i s t s  of a number of 
i n t e rconnec t ing  research  pa ths  a l l  of which d e a l  i n  some way wi th  phase or 
s t a t e  t r a n s i t i o n s  a s  t h e  un i fy ing  theme i n  var ious  types  of systems. Both 
t h e o r e t i c a l  and experimental  work has' been undertaken and an at tempt  has been 
made t o  connect var ious  a spec t s  of  the research  from both po in t s  of view. In 
t h i s  r e p o r t  a b r i e f  summary of work undertaken wi th  support  froiii t h i s  g r a n t  i s  
given followed by manuscripts and a b s t r a c t s  which g ive  d e t a i l s  and a f u l l e r  
view of  t h e  work. 
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SECTION I11 
PROGRESS, PUBLICATIONS AND PRESENTATIONS 
A .  SUElFlARY OF COXPLETED WORK 
1. Applicat ion of C l a s s i c a l  Nucleation Theory t o  Second Order Thermodynamic 
Trans it ions i n  t h e  Ehrenf e s t  Sense. 
A formalism has been developed which breaks from t h e  s t anda rd  appl-oxima- 
t i o n s  of c l a s s i c a l  nuc lea t ion  theory ( C N T )  f o r  t h e  eva lua t ion  of t h e  Gibbs' 
f r e e  energy change corresponding t o  t h e  t r ans fo rma t ion  of a small  amount of 
phase ma t r ix  i n t o  a small  nucleus of 8-phase.  I n  t h i s  approach, t h e  bulk 
thermodynamic v a l u e ,  A G = G ( G  - G,)/U~, 
can be expanded i n  a Flaclaurin series wi th  r e s p e c t  t o  a v a r i a b l e  r ep resen t ing  
an e x t e r n a l  i n f luence  on t h e  system. Various expansions have been evaluated 
corresponding t o  systems s u b j e c t  t o  undercool ing,  h y d r o s t a t i c  p r e s s u r e ,  
u n i a x i a l  t e n s i l e  s t r e s s  , and e x t e r n a l  magnetic o r  e l e c t r i c  f i e l d s .  
- G a ,  and t h e r e f o r e  g ,  where g 6 B 
Afte r  expanding g i n  a l iaclaurin s e r i e s ,  t h e  r e s u l t i n g  c o e f f i c i e n t s  a r e  
then  determined by us ing  thermodynamic r e l a t i o n s ,  by meam of which f a i r l y  
simple expressions f o r  t h e  c r i t i c a l  nucleus s i z e  r and t h e  c r i t i c a l  f r e e  
energy b a r r i e r  A G .  These express ions g ive  (1) c o r r e c t  ion terms which a r c  
non- l inea r  func t ions  of T ,  p ,  etc.  f o r  f i r s t  o rde r  thermodynamic t r a n s i t i o n s  
( i n  t h e  Ehrenfest  s e n s e ) ,  ( 2 )  t h e  s i z e  and b a r r i e r  he igh t  f o r  second o rde r  
t r a n s i t i o n s ,  and ( 3 )  t h e  method, for  a formal ex tens ion  of nuc lea t ion  theory 
t o  even h ighe r  o rde r  t r a n s i t i o n s ,  which i s  s t r a i g h t  forward i n  p r i n c i p l e  but  
complicated i n  a l g e b r a i c  expression.  
C 
P u b l i c a t i o n s  g iv ing  d e t a i l s  of t h e  expansions a s  wel l  a s  t h e  f i l i a l  
expressions f o r  r and A f o r  both f i r s t  and second o rde r  t r a n s i t i o n s  f o r  
systems undergoing teinperature supercooling, sub jec t ed  t o  h y d r o s t a t i c  
p r e s s u r e ,  t o  t e n s i l e  s t r e s s ,  or t o  t h e  a p p l i c a t i o n  of an e l e c t r i c  f i e l d  a r e  
included i n  t h e  Appendix. 
C C 
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2 .  Estimation of  I n t e r f a c i a l  Energies 
A major concern which a r i s e s  from the- a t tempt  t o  apply CNT t o  second 
o rde r  thermodynamic t r a n s i t i o n s  i s  t h e  n e c e s s i t y  of a non-zero e f f e c t i v e  
i n t e r f a c i a l  energy between t h e  two "phases". The assumption was made e a r l y  i n  
t h i s  work t h a t  2( would be a small  quant i ty  (perhaps 1 t o  5 m J / m  ) but  e f f o r t  
was needed i n  order  t o  understand phys ica l ly  how 2( could t ake  on non-zero 
va lues  f o r  t h e  i n t e r f a c e  about a nucleus undergoing a second o rde r  t r a n s i t i o n .  
One p o s s i b l e  s i t u a t i o n  occurs  when t h e  system undergoing t h e  second o rde r  
t r a n s i t i o n  i s  supercooled below t h e  normal second order  t r a n s i t i o n  
temperature .  I n  t h i s  ca se ,  a s  seen i n  F ig .  1, t h e r e  appears t o  be an i n t e r -  
f a c i a l  energy which depends on the degree of supercool ing.  When d a t a  f o r  
po lys tyrene  a r e  ex t ropola ted  i n t o  the supercooled reg ion ,  t h e  apparent  i n t e r -  
f a c i a l  energy which is obta ined  agrees wi th  t h e  expected magnitude of ;Y. 
2 
I n  t h e  course of t h i s  work on  t h e  e f f e c t i v e  i n t e r f a c i a l  energy f o r  a 
second order  phase t r a n s i t i o n  considerable  d a t a  were found on t h e  s u r f a c e  
t ens ion  of s o l i d  and l i q u i d  polymers but  t h e r e  were very few d a t a  on t h e  
Because of t h e  experimental  d i f f i c u l t y  s o l i d - l i q u i d  i n t e r f a c i a l  energy X 
SL' i n  ob ta in ing  t h i s  quan t i ty  an attempt was made t o  t h e o r e t i c a l l y  eva lua te  X 
This  work was descr ibed  i n  d e t a i l  i n  t h e  Annual Report on Grant No. 
NAG-1-419-2 ( J u l y  1385) and t h e  resul ts  were presented a t  t h e  Play 1984 meeting 
of t h e  t h e  Vi rg in i a  Academy of Science ( see  a b s t r a c t  i n  Appendix) and a r e  
summarized i n  F igs .  2-4 .  
3 .  
SL' 
The E f f e c t  of an E l e c t r i c  F i e l d  on F e r r o e l e c t r i c  Polymers 
As a r e s u l t  of t h e  t h e o r e t i c a l  research  on t h e  consequences of an app l i ed  
e l e c t r i c  f i e l d  on r and A f o r  both f i r s t  and second order  t r a n s i t i o n s ,  
f u r t h e r  i n v e s t i g a t i o n  was made of these e f f e c t s  on a p a r t i c u l a r  m a t e r i a l .  The 
m a t e r i a l  chosen f o r  i n v e s t i g a t i o n  was Polyviiiylidene F luor ide  (PVF ) because 
it undergoes both a l i q u i d - c r y s t a l l i n e  t r a n s i t i o n  and a f e r r o e l e c t r i c  
t r a n s i t i o n ,  and has many o t h e r  important c h a r a c t e r i s t i c s .  
C 
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An experimental  i n v e s t i g a t i o n  was undertaken t o  observe t h e  e f f e c t s  of an 
e l e c t r i c  f i e l d  on t h e  c r y s t a l l i z a t i o n  of PVF from t h e  mel t .  I n  t h i s  work a 
t h i n  f i lm  PVF2 sample i s  melted between two e l e c t r o d e s .  Af t e r  holding above 
T f o r  approximately.  15 minutes an e l e c t r i c  f i e l d  i s  app l i ed  ac ross  t h e  
sample. The sample i s  then cooled t o  a temperature  about 40' lower than  T m 
and he ld  a t  t h i s  temperature wi th  the '  electric f i e l d  remaining on f o r  a pe r iod  
of approximately 1 hour.  The sample then  i s  cooled r a p i d l y  t o  room 
temperature  and t h e  r e s u l t i n g  micros t ruc ture  is  compared by means of an  
o p t i c a l  microscope with t h a t  of  a sample s i m i l a r l y  hea t  t r e a t e d  but  without  
t h e  app l i ed  f i e l d .  Many samples were s t u d i e d  wi th  only a small  e f f e c t  due t o  
t h e  f i e l d  but  t h i s  i s  be l ieved  t o  be t h e  r e s u l t  of an i n s u f f i c i e n t  f i e l d  
s t r e n g t h  due t o  a rc ing  across  t h e  sample. Remedies t o  i n h i b i t  t h e  a r c i n g  and 
thus  achieve a h igher  f i e l d  and the re fo re  a more dramatic  e f f e c t  on morphology 
a r e  now being inves t iga t ed .  For t h e o r e t i c a l  reasons it is expected t h a t  t h e  
e f f e c t  will depend on t h e  square  of the f i e l d  i n t e n s i t y .  
2 
m 
Fur the r  t h e o r e t i c a l  s t u d i e s  of PVF concerned t h e  nuc lea t ion  and growth 
of po la r i zed  domains. These domains co i i s i s t  of groups of d ipo le s  a l igned  i n  a 
common d i r e c t i o n .  De ta i l s  of t h e  t h e o r e t i c a l  i n v e s t i g a t i o n  on t h e  nuc lea t ion  
of po la r i zed  domains a r e  given i n  a paper submit ted f o r  pub l i ca t ion  which i s  
included i n  t h e  Appendix. 
4 .  
2 
Modified Johnson-flehl-Avrami Treatment of C r y s t a l l i z a t i o n  Kine t i c s  t o  
I n v e s t i g a t e  Domain Nucleation and Growth 
To b e t t e r  understand t h e  mechanism by which t h e  nuc lea t ion  and growth of  
po la ra i zed  domains occurs ,  t h e  s tandard Johnson-flelil-Avrami (JMA) t rea tment  of 
c r y s t a l l i z a t i o n  k i n e t i c s  i s  modified t o  be app l i cab le  t o  p o l a r i z a t i o n  domains. 
In  t h e  c l a s s i c a l  J f f A  treati i ient,  t h e  degree of c r y s t a l l i r i t y  i s  measured as a 
func t ion  of  t ime and appropr i a t e  da ta  a r e  manipulated t o  achieve a p l o t  of 
11 
RnRn[(u - UO)/(uo0 - u ) ]  vs Rn (time) where u i s  t h e  volume of t h e  f u l l y  
i s  t h e  volume of t h e  f u l l y  amorphous sample and v i s  c r y s t a l l i z e d  sample, 
t h e  volume a t  any t i m e  t .  The r e s u l t i n g  curves have a l a r g e  l i n e a r  region t h e  
s l o p e  of which i s  used t o  i n f e r  the shape of t h e  nucleus,  t h e  type  of 
n u c l e a t i o n ,  and t h e  growth c o n t r o l l i n g  mechanism as i n d i c a t e d  i n  Table 1. The 
JP1A t reatment  was modified i n  o rde r  t o  be u s e f u l  i n  t h e  s tudy of p o l a r i z a t i o n  
domains. In t h i s  approach t h e  r e s u l t i n g  p l o t  i s  RnRn [ ( P  m - Po)/(PoO - P,)] vs 
Rnt where P i s  t h e  s a t u r a t i o n  p o l a r i z a t i o n ,  P i s  t h e  i n i t i a l  p o l a r i z a t i o n ,  
and Pt is t h e  p o l a r i z a t i o n  a t  any time t .  I t  i s  bel ieved t h a t  s lopes  of t h e  
r e s u l t i n g  curves on t h i s  p l o t  descr ibe t h e  n u c l e a t i o n  and growth of t h e  
p o l a r i z e d  domains. Some r e s u l t s  of t h i s  work were presented a t  t h e  Play 1985 
meeting of t h e  Vi rg in i a  Academy of Science ( see  a b s t r a c t  i n  t h e  Appendix). 
5 .  
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I n v e s t i g a t i o n  of t h e  D i e l e c t r i c  P rope r t i e s  of Various Mate r i a l s  
Due t o  t h e  appearance of t h e  d i e l e c t r i c  cons t an t  terms i n  t h e  expansion 
of t h e  f r e e  energy f o r  a system under t h e  in f luence  of an e x t e r n a l  e l e c t r i c  
f i e l d ,  work has been done, and i s  cont inuing i n  c o l l a b o r a t i o n  wi th  o t h e r  
r e s e a r c h e r s ,  on t h e  d i e l e c t r i c  p rope r t i e s  of polymeric m a t e r i a l s .  A Time 
Domain D i e l e c t r i c  Spectroscopy System (TDDS) i s  used i n  t h i s  work and r e sea rch  
i s  being done on both s o l i d  and l i qu id  polymers as  we l l  as  polymers blends and 
systems undergoing phase s e p a r a t i o n  and phase t r a n s i t i o n s .  
A p o r t i o n  of t h i s  work was presented a t  t h e  Fiarch 1986 meeting of t h e  
American Physical  Society ( see  a b s t r a c t  i n  t h e  Appendix) i n  which a -  model 
d e s c r i b i n g  t h e  d i e l e c t r i c  r e l axa t ion  of a s e r i e s  of a l coho l s  was developed 
which agrees  extremely wel l  with t h e  r e s u l t s  obtained experimental ly  wi th  t h e  
TDDS system. The d e t a i l s  of t h i s  model a r e  given i n  a paper ,  submitted f o r  
p u b l i c a t i o n ,  included i n  t h e  Appendix. 
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I 
I I V  . SUflflARY AND COYNENTS 
The o r i g i n a l  main t h r u s t  of t h i s  r e sea rch  was t o  explore  t h e  t h e o r e t i c a l  
consequences of t r y i n g  t o  apply t h e  concepts of n u c l e a t i o n  theo ry  t o  second 
o rde r  thermodynamic t r a n s i t i o i i s  ( the o r d e r  being de f ined  a s  t h a t  of t h e  
s m a l l e s t  o rde r  p a r t i a l  d e r i v a t i v e  ( a”G/aTn) which i s  d i scon t inuous ) .  An 
i n t e n s i v e  i n v e s t i g a t i o n  led t o  i n t e r e s t i n g  and u s e f u l  r e s u l t s  f o r  second o rde r  
t r a n s i t i o n s  f o r  t h e  s p e c i a l  ca ses  of (1) undercooling a t  cons t an t  p r e s s u r e ,  
( 2 )  t h e  a p p l i c a t i o n  of h y d r o s t a t i c  p re s su re  a t  cons t an t  temperature ,  ( 3 )  t h e  
a p p l i c a t i o n  of t e n s i l e  s t r e s s ,  and (4) t h e  a p p l i c a t i o n  of an e l e c t r i c  f i e l d .  
The i n i t i a l  work uncovered some fundamental unresolved problems, e . g .  , those 
connected with t h e  i n t e r f a c i a l  energies between t h e  phases,  and a l s o  pointed 
t o  important p o s s i b l e  improvements i n  t h e  a n a l y s i s  of t h e  k i n e t i c s  of f i r s t  
o rde r  growth processes .  E f f o r t s  t o  apply ideas  developed i n  t h e  work t o  
s e v e r a l  problems of i n t e r e s t  i n  polymer sc i ence  looked q u i t e  promising a t  t h e  
t e rmina t ion  of Grant NAG-1-419. One important new t h r u s t  upon which 
cons ide rab le  progress  was being made i s  t h e  “switching behavior” of 
f e r r o e l e c t r i c  polymess such a s  polyvinylidene f l u o r i d e  (which has a t  l e a s t  s i x  
s o l i d  phases and i s  t h e r e f o r e  an e s p e c i a l l y  good cand ida te  f o r  t h e  
experimental  i n v e s t i g a t i o n  of our t h e o r e t i c a l  approach).  We f e e l  t h a t  w i th in  
t h e  l i m i t e d  budgetary c o n s t r a i n t s  tha t  q u i t e  a l o t  was accomplished i n  t h i s  
r e sea rch  and w e  hope t h a t  a cont inuat ion will soon be p o s s i b l e .  
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